Objectives: To determine the energy dependency of and the contribution of the membrane potential to the cellular accumulation of the dinuclear complexes [{Ru(phen) Methods: The accumulation of the ruthenium complexes in bacteria was determined using flow cytometry at a range of temperatures. The cellular accumulation of the ruthenium complexes was also determined in cells that had been incubated with the metal complexes in the presence or absence of metabolic stimulators or inhibitors and/or commercial dyes to determine the membrane potential or membrane permeability.
Introduction
There has been increasing interest in the biological properties and applications of inert polypyridylruthenium(II) complexes. 1 -4 Initially, much of the focus was on the binding ability of the ruthenium complexes with DNA, and to a lesser degree RNA. More recently, there has been interest in their anticancer activity, 5, 6 their potential as bio-imaging and bio-sensor probes 7, 8 and their antimicrobial activity. 9 Although the study of the antimicrobial properties of inert ruthenium(II) complexes may seem to be a recent development, the discovery of their activity was first reported over 50 years ago. 10, 11 Dwyer et al. 11 found that mononuclear ruthenium(II) complexes such as [Ru(Me 4 phen) 3 ] 2+ (Mono-Me 4 ; Me 4 phen¼ 3,4,7,8-tetramethyl-1,10-phenanthroline) showed good activity against a range of bacteria. However, recent studies have demonstrated that these mononuclear complexes are much less active against current drug-resistant bacterial strains 12, 13 and hence they appear to have limited potential as antimicrobial agents.
We have recently demonstrated that a series of inert dinuclear polypyridylruthenium(II) complexes {Ru(phen) 2 } 2 {m-bb n }] 4+ ('Rubb n ', where phen¼ 1,10-phenanthroline; bb n ¼bis[4(4 ′ -methyl-2,2 ′ -bipyridyl)]-1,n-alkane-see Figure 1 ) exhibit excellent antimicrobial activity. 12, 13 The Rubb n complexes are highly active against both Gram-positive and Gram-negative bacteria, and retain their activity against drug-resistant strains such as methicillin-resistant Staphylococcus aureus (MRSA). Importantly, Rubb n complexes are non-toxic against healthy eukaryotic cells at concentrations well above their MIC. 13 The mechanism by which the dinuclear ruthenium complexes kill bacteria is yet to be determined. NMR studies have demonstrated that they selectively and strongly bind to non-duplex DNA structures. 14, 15 However, the crucial determinant of their antimicrobial activity appears to be cellular uptake. Cellular uptake studies have demonstrated that their observed antimicrobial activity and time taken to kill bacteria is correlated with their level of uptake, across the range of bacteria and within the class of metal complex. 12 Consistent with the antimicrobial activity, the cellular accumulation was shown to be faster and greater in total with increasing alkyl chain length. 12 Consequently, a more detailed understanding of the mode of cellular uptake and the factors that affect cellular accumulation is essential for the further development of these ruthenium complexes as antimicrobial agents.
It is generally accepted that most hydrophobic antibiotics (e.g. rifampicin, fusidic acid and trimethoprim) cross the cytoplasmic membrane of bacteria by energy-independent passive diffusion. 16 However, other uptake mechanisms have also been postulated. For example, although chloramphenicol is sufficiently lipophilic to diffuse across the cytoplasmic membrane, Burns and Smith 17 found that its uptake is energy dependent, with the antibiotic entering the cell by active transport. Moreover, it has been shown that lipophilic tetracycline antibiotics can be taken up by Escherichia coli initially by rapid passive diffusion, but this is then followed by a slower energized mechanism. 16 Similarly, the hydrophobic and polycationic aminoglycoside antibiotics show two uptake phases and cross the cytoplasmic membrane in an energydependent manner. 18 In addition to the energy dependency of the cellular uptake mechanism, it is important to gain an understanding of the thermodynamic driving force of the uptake and the effect of membrane permeability on uptake. For the Rubb n complexes, a multiple positive charge and a hydrophobic region are essential for their antimicrobial activity. 12, 13 It is probable that these features allow the ruthenium complexes to interact with the bacterial cell surface and subsequently integrate into the cytoplasmic membrane. The outermost surface of bacterial cells contains negatively charged structures: teichoic acid and polysaccharide elements embedded in the cytoplasmic membrane of Gram-positive bacteria, or lipopolysaccharide in the outer membrane of Gramnegative bacteria. In addition, by contrast with eukaryotic cell membranes, in which the phospholipids are predominantly zwitterionic and hence electroneutral, the bacterial cytoplasmic membrane contains more negatively charged phospholipids. 19 The bacterial cell membrane can be just a barrier through which the antimicrobial agent must pass to gain access to an intracellular target. Alternatively, the membrane can be the actual target of an antimicrobial compound, and the interaction may cause membrane damage and cytoplasm leakage that finally leads to cell death. For most of the cationic antimicrobials that have been extensively studied-such as cationic antimicrobial peptides, quaternary ammonium compounds, biguanides and polymeric biguanides-the interaction with the bacterial cell membrane is extremely important. 20, 21 Though there is some dispute about the mechanism of action of these cationic antimicrobials, and some are believed to have several modes of action, membrane disruption and permeabilization play a significant role in their antibacterial activity. 21 -23 It is therefore crucial to understand the effect of ruthenium(II) complexes on the membrane.
In this study we aimed to examine the energy dependency of the uptake of the Rubb n complexes into S. aureus and E. coli, and the contribution of the membrane potential and membrane permeability to the accumulation of the ruthenium complexes. In addition, we studied the effect of the ruthenium complexes on the bacterial membrane. The results indicate that the Rubb n complexes enter the cell in an energy-independent manner, depolarize the membrane potential and significantly permeabilize the cellular membrane.
Materials and methods

Chemicals and reagents
Ruthenium complexes (Rubb 7 , Rubb 12 , Rubb 16 , Mono-Me 4 and Mono-bb 7 ) were synthesized as described previously. 24 Cation-adjusted MuellerHinton broth was purchased from Fluka, Gillingham, UK. Venturicidin A and valinomycin were obtained from Bioaustralis, Australia and D-glucose was purchased from AJAX Chemicals, Sydney, Australia. The BacLight bacterial membrane potential kit [DiOC 2 (3) ] and TO-PRO-3 were obtained from Molecular Probes, Invitrogen.
Bacterial strains
A Gram-positive strain [S. aureus (ATCC 25923)] and a Gram-negative isolate [E. coli (ATCC 25922)] were obtained from a bacteria culture collection at James Cook University (Townsville, Australia).
Flow cytometry
The cellular uptake of the ruthenium complexes and fluorescent dyes used in this study was detected by flow cytometry using a CyAn ADP Analyser (Beckman Coulter). All the experiments were performed in triplicate. Ruthenium complexes were excited with a 488 nm argon laser and the cellular uptake measured with a 585/42 nm band pass filter by analysing the median fluorescence intensity. DiOC 2 (3) was excited with a 488 nm argon laser and its green and red fluorescence monitored with a 530/30 nm and a 585/42 nm band pass filter, respectively. TO-PRO-3 was excited using a 635 nm red diode laser and the emission was detected with a 670 nm long-pass filter.
Log phase bacterial culture
A single colony of a bacterial strain (S. aureus or E. coli) grown on a blood agar plate was selected using a sterile pipette tip. The tip was then dropped into a sterile 5 mL tube containing PBS (3 mL), which was mixed Li et al.
by a vortex mixer. The bacterial suspension (2 mL) was then added to a sterile conical flask containing cation-adjusted Mueller-Hinton broth (50 mL). The flasks were incubated overnight in a shaking incubator at 378C with a shaking speed of 160 rpm. The cultures were then diluted 300-fold and continuously incubated for 2 h to obtain bacterial cultures in log phase. The log phase bacterial suspensions were then diluted to a cell density of 1 -5×10 7 cfu/mL for the experiments by monitoring the turbidity with a spectrometer.
Mode of cellular entry
Incubation conditions with ruthenium complexes
Bacterial cells were incubated with ruthenium complexes at a concentration of 8 mg/L for 1 h. Except for the temperature-dependence study, the incubation temperature was 378C. After incubation, the cells were centrifuged and the pellets washed twice with PBS.
Heat treatment
A suspension of live bacterial cells was heated in a water bath at 1008C for 15 min to permeabilize the cell membrane. The heat treatment also killed the cells.
Dependence of accumulation on temperature
Ruthenium complexes were added to bacterial suspensions and the samples incubated at 48C, 208C or 378C for 1 h. After incubation and washing, the cells were resuspended in fresh 4% paraformaldehyde solution for fixation and the suspensions incubated for at least 15 min at 48C before being analysed by flow cytometry.
Dependence of uptake on ATP production
A log phase suspension of S. aureus cells, prepared as described earlier, was divided into three equal aliquots. Venturicidin A was added to one aliquot of the suspension to a final concentration of 10 mM, and the suspension incubated at 378C for 1 h. Another aliquot was incubated at 378C in the culture broth supplemented with 10 mM D-glucose for 1 h, while the third aliquot was the untreated control. Bacterial cells were then washed twice with PBS, incubated with Rubb 12 and fixed for analysis as described earlier. As a permeability control experiment, TO-PRO-3 (10 nM) was added to small portions of the three bacterial suspensions before Rubb 12 was added (venturicidin A-treated, D-glucose-treated and untreated). The heat-treated cells were used as a positive control. The samples were incubated at 378C for 10 min before being analysed by flow cytometry.
Dependence of uptake on the membrane potential
A suspension of S. aureus, prepared as described earlier, was divided into three aliquots. Two aliquots were pre-treated with 5 mM carbonyl cyanide m-chlorophenyl hydrazone (CCCP) for 5 min or 50 mM valinomycin for 1 h at 378C. The two aliquots were washed twice with PBS and then the three aliquots of bacterial suspension were incubated with Rubb 12 , washed and fixed as described earlier for analysis. The control membrane potential experiment was performed by incubating Rubb 12 -free samples from the three aliquots with 6 mM DiOC 2 (3) for 30 min.
Dependence of accumulation on membrane permeability S. aureus and E. coli suspensions were prepared as described earlier. One aliquot from each bacterial suspension was heat treated as described earlier. The heat-treated cells and the untreated cells were then incubated with the ruthenium complexes, washed and fixed for flow cytometry analysis.
Analysis of membrane depolarization and permeability
S. aureus and E. coli suspensions in log phase were prepared as described earlier. Ruthenium complexes at concentrations twice their MIC were used: Rubb 7 , 32 mg/L; Rubb 12 , 2 mg/L; Rubb 16 , 2 mg/L; Mono-Me 4 , 1 mg/ L; and Mono-bb 7 , 8 mg/L. The MIC values of the ruthenium complexes were determined in our previous study. 13 The bacteria were incubated with the ruthenium complexes for 2 h at 378C. The cells were then centrifuged and the pellets washed twice and resuspended in PBS. The membrane potential and permeability of the ruthenium complex-treated samples were determined as described previously by Novo et al. 25 The ruthenium complex-treated bacteria were incubated with 6 mM DiOC 2 (3) for 30 min or 10 nM TO-PRO-3 before being analysed by flow cytometry. The membrane permeability was estimated by TO-PRO-3 fluorescence intensity. The membrane potential was measured by the ratio of red (PE channel) to green (FITC channel) fluorescence of DiOC 2 (3) . As the ruthenium complexes used in this study have intrinsic fluorescence in the PE channel, the red fluorescence of the ruthenium complexes in samples treated with TO-PRO-3 were used as drug controls. Untreated bacteria incubated with DiOC 2 (3) or TO-PRO-3 were used as negative controls, while bacteria incubated with 5 mM CCCP or heat-treated bacteria were used as positive controls.
Statistical analysis
Statistical analyses were performed using Student's t-test in Microsoft Excel. Two levels of statistical significance were applied: *P,0.05 and **P,0.01. P values .0.05 were considered to be non-significant.
Results
Cellular accumulation studies
Dependence of accumulation on temperature
In order to compare the results of this study with our previous uptake study, 12 the same five ruthenium(II) complexes were examined, namely: the three Rubb n complexes Rubb 7 , Rubb 12 and Rubb 16 , a mononuclear complex [Ru(phen) 2 (bb 7 )] 2+ (Monobb 7 ), which contains the bb 7 ligand but without the second ruthenium centre, and the mononuclear complex Mono-Me 4 . The cellular accumulation of the ruthenium complexes in bacteria at three different incubation temperatures (48C, 208C and 378C) was determined by measuring the median fluorescence intensity (MFI) of the ruthenium complexes in the bacterial cells by flow cytometry (Figure 2 ). As each of the ruthenium complexes exhibited different cellular concentration -MFI correlations, the MFI measured by flow cytometry is not a direct reflection of the total cellular accumulation of the different complexes. Therefore, the relative accumulation of the ruthenium complexes in each of the bacterial cells at different temperatures is shown as the ratio of the MFI at each temperature to the MFI at 48C (Figure 3) .
The accumulation of ruthenium complexes in the two bacterial strains was shown to decrease with decreasing incubation temperature. The relative decrease in accumulation was much greater with E. coli cells, particularly for Rubb 12 and Rubb 16 , when the incubation temperature was lowered from 378C to 48C. For all the ruthenium complexes, the corresponding decrease in S. aureus cells was relatively small (≤3-fold). The decrease in accumulation of the ruthenium complexes in S. aureus was slightly greater between 208C and 48C than between 378C and 208C, whereas for E. coli a dramatic reduction was observed between 378C and 208C. It is also notable that there is an equivalent level 
Dependence of uptake on ATP production
Among the Rubb n complexes, Rubb 12 and Rubb 16 show the best antimicrobial activity. 13 However, the accumulation of Rubb 16 is significantly greater and the rate of the uptake significantly faster than for Rubb 12 .
12 Consequently, further studies of the mode of cellular uptake were carried out with Rubb 12 , as its more moderate total accumulation and rate of uptake enabled the observation of more definitive changes in accumulation under the various experimental conditions. In this study, glucose was used to stimulate the metabolism of the bacteria, while venturicidin (an inhibitor of ATP-driven proton transport and ATP hydrolysis) was used to inhibit energy production. 26 The uptake of Rubb 12 by ATPmodulated bacterial cells is shown in Figure 4(a) . Interestingly, while Rubb 12 accumulation in cells pre-treated with glucose remained at the same level as in the untreated control group, the uptake by cells pre-treated with venturicidin showed a significant increase. As no decrease in the accumulation of Rubb 12 in the ATP-inhibited cells and no increase in the metabolism-stimulated cells were observed, it is probable that the uptake of Rubb 12 is not energy dependent. As membrane permeability could be an important factor in cellular uptake, and can be affected by treatment with antibiotics, a permeability control experiment was conducted and the results are shown in Figure 4(b) . TO-PRO-3 intensity is an indicator of membrane permeability, as it cannot penetrate nonpermeabilized cells. 25 The venturicidin-treated cells that exhibited greater Rubb 12 accumulation did not display evidence of increased membrane permeability, while the membrane of glucose-treated cells was significantly permeabilized. As no increase in Rubb 12 was observed in glucose-treated cells, it could be concluded that the cellular accumulation of Rubb 12 is not strongly correlated with bacterial membrane permeability. Li et al.
Dependence of uptake on the membrane potential
In order to understand the contribution of the membrane potential to the cellular uptake of Rubb 12 , we used CCCP and valinomycin to induce membrane depolarization and hyperpolarization, respectively, in S. aureus cells. CCCP is a proton ionophore and decoupler of the respiratory chain that causes uncoupling of the proton gradient and diminution of the membrane potential to zero. 27 Valinomycin is a potassium-selective ionophore, and when the intracellular concentration of K + is greater than the extracellular concentration, valinomycin is expected to enhance the magnitude of the membrane potential. Membrane depolarization can also be achieved by the supplementation of the culture medium with a high concentration of K + in the presence of valinomycin. 28 In the present study, the membrane potential control experiment (Figure 5b) showed that CCCP successfully depolarized the membrane of S. aureus. However, valinomycin treatment failed to achieve the expected hyperpolarization, and was therefore not used in further experiments. The results of the experiment to determine the dependence of uptake on the membrane potential, displayed in Figure 5 (a), show that depolarizing the bacterial membrane did not lead to a decrease in Rubb 12 uptake in S. aureus cells pre-treated with CCCP. It is evident that the uptake of Rubb 12 is not dependent on the membrane potential, or at least the membrane potential is not a significant driving force for Rubb 12 uptake.
Dependence of accumulation on membrane permeability
As outlined earlier, Rubb 12 uptake does not appear to be strongly controlled by the permeability of the bacterial membrane. However, experiments using heat treatment were performed to further investigate the effect of membrane permeability on the accumulation of ruthenium complexes. The variation in cellular Figure 6 by presenting the logarithm value of the ratio of ruthenium complex MFIs in these two groups of cells. Except for Mono-Me 4 , the accumulation of the ruthenium complexes in both bacterial strains increased after heat treatment. The increased accumulation in heat-treated cells was particularly large for Rubb 7 and Mono-bb 7 -the two complexes with the lowest level of accumulation in untreated cells. 12 By contrast, the increase in the accumulation of Rubb 12 and Rubb 16 in both bacterial strains after heat treatment was notably small. This is consistent with the result of the permeability control experiment shown in Figure 4(b) . Interestingly, and in contrast to the other complexes, there was decreased accumulation of Mono-Me 4 in heat-treated bacterial cells.
Membrane depolarization and permeability studies
The effects of the ruthenium complexes on the bacterial cell membrane were evaluated by monitoring the membrane potential and permeability after incubation with the ruthenium complexes at concentrations twice their MIC.
The membrane potential was determined using DiOC 2 (3) in a Bactolight membrane potential kit. After incubation of the bacteria with DiOC 2 (3), fluorescence can be detected in both the red and green channels. The red fluorescence is an indicator of both cell size and membrane potential, while the green fluorescence is only affected by cell size. The membrane potential can therefore be calculated from the ratio of red to green DiOC 2 (3) fluorescence. 25 CCCP-treated cells were used as a positive control for the membrane depolarization experiment. As shown in Figure 7 (a), all the ruthenium complexes depolarize the membrane, and after 2 h incubation the cells were depolarized by 70% -90% compared with CCCP. Time-dependent assays showed that membrane depolarization could occur within 15 min of incubation with the complex (Figure 7b ). While Rubb 12 takes 2 h to achieve maximum depolarization, Rubb 16 depolarized the membrane more quickly, reaching its greatest effect within 15 min.
TO-PRO-3 was used for the assessment of membrane permeability. By comparison with untreated and heat-treated control groups, permeability changes induced by the ruthenium complexes were displayed by the MFI of TO-PRO-3. Figure 8(a) shows that, except for Mono-Me 4 , the ruthenium complexes permeabilized the bacterial cell membrane. It is notable that permeabilization by Rubb 16 was equivalent to that achieved by heat treatment. The time-dependent permeability study (Figure 8b ) demonstrated that for Rubb 16 , about 90% permeabilization occurred within the first 0.5 h of adding the ruthenium complex, while Rubb 12 , by contrast, permeabilized the cells gradually over the 2 h time course. Interestingly, although Mono-Me 4 significantly depolarized the bacterial cells after a 2 h incubation, there was no sign of membrane permeabilization. This again indicates a significant difference in the biological processing between Mono-Me 4 and the other ruthenium complexes. 16 . P values ,0.05 were considered to be significant. **P, 0.01.
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Discussion
The results of this study demonstrate that the cellular uptake of ruthenium complexes is related to the temperature, with increased uptake being observed at higher incubation temperatures. However, the significantly different levels of increased uptake between the Gram-positive and Gram-negative bacteria suggest that the observed increase may not be related to energy and ATP production. Other differences between the two genera of bacteria, such as membrane lipid fluidity, may be responsible for the observed results. At lower temperatures, membrane bilayers reversibly change from a fluid state to a more non-fluid state, 29 and when the bilayers are in the non-fluid state at low temperatures the fatty acyl chains become more rigid and exhibit a more ordered array. As a result, membrane permeability decreases with decreased membrane fluidity. 30, 31 Decreased uptake of ruthenium complexes would therefore be expected at lower temperatures. In terms of the composition of bacterial cell walls, the percentage of lipid components in Gram-positive bacteria is much lower than in Gram-negative bacteria, in which the cell wall is composed of two distinct membrane layers. This provides a rationale for the observed larger-scale increase in uptake with increasing temperature in E. coli compared with S. aureus. In addition, the temperature at the midpoint of the transition between the fluid state and the non-fluid state (the transition temperature) is a function of the membrane lipid composition. As the membrane of bacteria lacks cholesterol, the transition temperature (normally a broad range) mainly depends upon the fatty acid composition of the membrane lipids. It has been shown that the incorporation of unsaturated and/or branched fatty acids into the phospholipids lowers the transition temperature. 19, 32 Although the transition temperature for bacterial membranes can vary depending upon the growth conditions, it has been reported that E. coli has a higher transition temperature range (30-428C) than S. aureus (4 -318C, but centred around 208C) at a growth temperature of 378C. 32 As shown in Figures 2 and 3 , a very large decrease in accumulation of the ruthenium complexes was observed between 378C and 208C in E. coli, whereas for S. aureus no large difference was observed between 378C and 208C or 208C and 48C. These observations are consistent with the expected differences in the broad transition temperatures for the two classes of bacteria.
The energy dependency of the accumulation of the ruthenium complexes was also examined by monitoring Rubb 12 accumulation in metabolism-stimulated and ATP production-inhibited S. aureus. No significant increase in accumulation was observed in the glucose-treated cells and, interestingly, the venturicidintreated cells displayed 35% greater accumulation compared with the untreated control cells. These results support the conclusion that the uptake of ruthenium complexes is not energy dependent. The reason for the unexpected increase in accumulation in venturicidin-treated cells is not clear. Control experiments indicated that venturicidin did not increase cell permeability. Another possibility for the observed increase in accumulation is regulation of the activity of the efflux pump. The efflux pump is an energy-requiring process 33 and, consequently, although uptake may not be affected, efflux would be reduced, thereby leading to the observed increase in accumulation. Consistent with this proposal is the reported increase in the cellular accumulation of chloramphenicol in E. coli in which the efflux pump was deactivated through the inhibition of ATP production. 33 Further support for this proposal is the observation that the accumulation of Rubb 7 and Rubb 12 in S. aureus cells remained the same at 378C and 208C.
It has been established that there is an electrical potential across a biological membrane, usually with a negative voltage on the inside. 34 The membrane potential is established through the creation of concentration gradients of ions such as Na + and K + , facilitated by ion transporters or ion channels. 35, 36 The polypyridyl ruthenium complexes are large cationic molecules with a +2 charge at each ruthenium centre. Consequently, it might be expected that the membrane potential would be a significant driving force for their cellular uptake. However, the accumulation of Rubb 12 in CCCP-depolarized S. aureus cells did not change compared with that in untreated cells. Therefore, it is concluded that the membrane potential is not a major driving force in the uptake of Rubb n complexes.
As the accumulation of Rubb 12 in S. aureus cells pre-treated with glucose did not increase, even though the cell membrane was significantly permeabilized, it can be concluded that the accumulation of the ruthenium complexes is not strongly affected by 16 were not large. This is consistent with our previous study, which showed that these ruthenium complexes can easily enter untreated bacterial cells. Consequently, it is reasonable to assume that permeability is not a major factor in the uptake of Rubb 12 and Rubb 16 . The decreased accumulation of Mono-Me 4 in heat-treated cells is also noteworthy. Figure 9 shows a revised graph from our previous study, where S. aureus cells were permeabilized by treatment with paraformaldehyde (PFA). 12 In this case, increased accumulation was observed for Mono-Me 4 . Heating bacterial cells at 1008C for 15 min causes the cytoplasmic membrane to become leaky, with the proteins in both the membrane and cytoplasm being denatured, and the ribosomal RNA and proteins degraded. 37 By contrast, PFA causes cross-linking of primary amino groups in proteins, and after relatively short incubation times macromolecules such as carbohydrates, lipids and nucleic acids become trapped in a matrix of insolubilized and cross-linked protein, but they are not chemically changed by the formaldehyde. 38 As the level of accumulation of Mono-Me 4 decreased in heat-permeabilized cells but increased in PFA-permeabilized cells, it is probable that this ruthenium complex has a different mode of cellular entry and/or different intracellular target than the other ruthenium complexes. It is possible that Mono-Me 4 uptake is facilitated by a membrane protein or that it targets intracellular proteins or ribosomes, and these targets were destroyed by heat treatment.
The net negative charge associated with the bacterial cell surface, combined with the different lipid composition of the cytoplasmic membrane, contributes to the greater selectivity of cationic antimicrobial agents for bacteria compared with eukaryotic cells. 39 A recent study by Pisani et al. 6 examined the effect of temperature, ATP production and membrane potential on the uptake of Rubb 16 in L1210 murine leukaemia cells. Rubb 16 uptake in L1210 cells was shown to occur mainly by energy-independent passive diffusion, and the membrane potential was not a significant driving force for the cellular entry of Rubb 16 . These results are consistent with the present results obtained with bacteria. Interestingly, however, by contrast with the observed increased accumulation of Rubb 12 in ATP-inhibited bacterial cells, there was decreased accumulation of Rubb 16 in similarly treated L1210 cells relative to that in untreated L1210. Consequently, it is possible that inhibiting the efflux pump of bacteria results in a large increase in the accumulation of Rubb 16 , whereas inhibiting ATP in eukaryotic cells does not lead to an accumulation of Rubb 16 . Hence, if Rubb 16 were co-administered with an ATP inhibitor, a synergistic selectivity for bacteria might be obtained over eukaryotes.
The effect of the ruthenium complexes on membrane potential and permeability are important for understanding the mechanism of action of this potential new class of antimicrobial agents. All the ruthenium complexes depolarized the bacterial membrane and, except for Mono-Me 4 , they all permeabilized the membrane. The accumulation of Rubb 16 in bacterial cells has been shown in a previous study to be extremely fast. 12 Consistent with this, the results of this study illustrate that Rubb 16 depolarizes and permeabilizes the membrane within 15 -30 min of addition. Importantly, although the membrane was depolarized in Mono-Me 4 treated cells, the permeability of the membrane did not change compared with untreated cells. In accordance with the earlier discussion, Mono-Me 4 appears to work in a different manner to the other ruthenium complexes. It is noteworthy that of the metal complexes originally developed by Dwyer et al. over 50 years ago, Mono-Me 4 has best antimicrobial activity; however, our recent study showed that Mono-Me 4 is not as active as the Rubb n dinuclear ruthenium complexes against current drug-resistant bacterial strains. 13 A different mechanism of action or intracellular target(s) may provide a rationale for the different spectrum of antimicrobial activity observed for Mono-Me 4 compared with the Rubb n complexes. It is important to further investigate this difference in the mechanism of action, as it may provide the key to overcoming bacterial antimicrobial resistance to ruthenium complexes. Li et al.
